Abstract. Nine 24-year accumulation records from the Summit region in central Greenland are analyzed to separate the effects of spatial noise and interannual fluctuations on the variability in each core. The study shows that both processes are equally important, with standard deviations of 25 mm water equivalent per year and 24 mm water equivalent per year, respectively. A comparison with estimates of surface roughness based on high-resolution laser altimetry of the surface indicates that in the studied region the spatial noise can be reliably estimated from surface roughness. The response of the ice-sheet surface to the interannual fluctuations can be estimated using a simple zero-dimensional ice-sheet response model. For the Summit region of central Greenland, a change in surface elevation of ~20 mm water equivalent per year measured over a 5-year period, can be attributed with 95% confidence to a trend in climate. This probability decreases rapidly as the observation period is shortened. For intervals greater than ~5 year, the probability depends only weakly on the measurement interval. This suggests an optimum spacing of-5 years between repeat elevation measurements.
Introduction
One of the potential impacts associated with global warming is a rise in global sea level caused by melting of the polar ice masses and thermal expansion of the oceans. Over the past century, global sea level has risen 10-25 cm, but accounting for this rise is difficult because of the large uncertainties in estimates of the mass balances of the ice sheets [Warrick et al., 1996] . Thus resolving the current state of balance of the different components of the cryosphere is needed before predictions about future trends can be issued.
Recently, repeat laser and radar altimetry has been used to measure directly the change in surface elevation of the polar ice sheets. With repeat altimetry, elevation changes over parts of the ice sheet can be determined over short time intervals. To estimate the spatial variability in net accumulation due to surface microrelief requires multiyear observations of net accumulation over a larger area. Such observations can be acquired from repeat annual accumulation measurements along stake networks or from time series derived from neighboring ice cores covering a climatically representative area of the ice sheet. In this study, nine 24-year accumulation records are evaluated to estimate the spatial variability contained in these records.
In 1987, nine firn cores of-17 rn length were recovered near Summit in central Greenland as part of the Greenland Ice Sheet Project 2 (GISP2) site selection [Bolzan and Strobel, 1994] rately determine core depth; core loss was assigned using the algorithm developed by Whillans and Bolzan [1988] . Upon return to the Byrd Polar Research Center, densities were measured on each recovered core segment, and the cores were sampled for oxygen isotope and gross [3 activity measurements. Further details are given by Bolzan and Strobel [ 1994] . For each core, the stable oxygen-isotope ratio and gross [3 activity were measured as a function of depth, to identify and date annual layers in the firn. Peaks in the isotope ratio may be identified with summer, and troughs may be identified with winter. By measuring the layer thickness from isotopic peak to peak (or trough to trough), net accumulation from one summer to the next (or between two successive winters) can be obtained. In the present study, the summer-to-summer accumulation rates for the period 1963-1987, common to all nine records, are used ( Figure  2 ). There is no persistent trend in accumulation that is common to all cores [Bolzan and Strobel, 1994] , so the average distribution may be considered constant. The spatial distribution of the longer-term average is represented by the contours in Figure 1 ; this pattern is discussed by Bolzan and Strobel [1994] .
Variations in Net Accumulation
The net accumulation is the amount of snow deposited at the sampling site over the course of 1 year and preserved in the stratigraphic record. This quantity shows large variability, both in space and in time, due to topographic effects, snow redistribution by wind action, and synoptic-scale fluctuations in precipita- in accumulation records. Macrorelief, however, tends to persist over many years, and the air flow in the surface boundary layer conforms to these surface undulations, resulting in a feedback between snow drift and surface topography [Whillans, 1975] , leading to a spatial accumulation distribution that may persist over many years. This spatial pattern can lead to trends in accumulation histories from ice cores, which could be erroneously interpreted as indicator of a changing climate. Spatial noise in net accumulation due to microrelief manifests itself as temporal fluctuations in a record obtained at a sampling site. This is because small-scale fluctuations in space are not uniform in time but randomly distributed over the glacier surface. For example, during 1 year, a sastmgi may develop and be preserved in the stratigraphic record, but there is no a priori reason to expect comparable sastmgi to form at this site in the next year. Thus the stratigraphic record will be characterized by noise due to the random occurrence of surface microrelief. 
Interannual variability in precipitation is

Measurement Uncertainty
One source of uncertainty in determining annual accumulation values is ambiguity in dating the isotopic seasonal features. This uncertainty is difficult to quantify and can arise if there are years with multiple isotopic peaks or if there are missing years. Here measurement of gross beta activity provided reference horizons which were used to date the isotopic peaks. This dating was unambiguous, except for one summer peak, 1976, in the core 15 profile which seemed to be missing as a result of core loss. The location of this peak was assigned to center of a core loss zone, but this dating ambiguity affects only the summer-to-summer ac- The left side of equation (3) 
Implications for Repeat Altimetry
The Summit cores indicate a standard deviation in accumulation rate due to temporal fluctuations of 25 mm water equivalent per year. This corresponds to -10% of the long-term average in the region. In response to these fluctuations, the ice-sheet surface elevation will exhibit short-term variability. As shown by Van der Veen [1993] , the probability that the average rate of change in surface elevation measured over n years that can be at- Figure 4 . The first feature to note is that increasing the measurement period has the greatest effect for small values of n, but, for n > 5, the probability becomes almost independent of the length of the observation period. Second, for the Summit region, the 5% probability level is -20 mm water equivalent per year (n > 5 year). That is, a change in surface elevation larger than 20 mm water equivalent per year can, with 95% confidence, be considered climatically significant.
Conclusions
The analysis of variability in annual accumulation rate presented in this study was aimed at arriving at an estimate for the interannual variability. This requires separating the effects of spatial variability and measurement errors from the actual variability of an accumulation record. Where multiple cores are available, such as near Summit in central Greenland, spatial noise can be estimated by considering the deviation of each core record from the spatial average. However, in many instances, only one core is available. In that case, the spatial noise can be estimated from measurements of small-scale surface roughness. For the Summit region, results from laser altimetry agree well with the estimate obtained in the present study from the nine accumulation records and is also compatible with the previous estimates referred to above. 
